CHAPTER 4:
COMPUTER SIMULATION OF THE NOx ABATEMENT PROCESS
AS AN EQUILIBRIUM-REACTION MODEL
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4.1 Introduction

4.1.1 An Overview

The previous chapter graphically displays the shortcomings of the conversion-reaction
model and explained the reasons for those shortcomings. We ask ourselves if any changes to
process parameters could improve the performance of the conversion-reaction model. The

answer is no; we need an inherent change in the way the model deals with chemical reactions.

The next step we choose to take is to treat the reactions in the scrubber/absorber and
catalyst vessel as equilibrium reactions. That is to say, we define for ASPEN Plus the reactants,
products, and reaction stoichiometry. ASPEN Plus calculates the chemical equilibrium of the
system using thermodynamics. This change results, surprisingly, in a marked reduction in
flowsheet complexity and in the amount of user effort involved. The use of equilibrium
reactions allows us to represent the entire scrubber/absorber tower as a single reactive-distillation
unit. The two scrubber stages are incorporated as equilibrium trays. Now, instead of specifying
the number of theoretical stages and finding reaction conversions by trial and error, we let
ASPEN Plus calculate the reaction results, and we use trial and error to determine the number of

theoretical stages required for the specified separation.

This arrangement gives rise to two different equilibrium models. The only difference
between the two models is the specification of stage efficiencies for the second model. The first
model has 100% efficient equilibrium stages. This model results in a requirement of a mere
three stages for the base-case NOx removal. We compare that number to the eighteen total
stages (counting the two scrubber sections as stages) in the actual scrubber/absorber. If the

model is accurate, it gives an overall column efficiency of 17%.
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We then specify vaporization efficiencies for the stages to arrive at the second
equilibrium model. The specification of vaporization efficiencies of 2.5 for NG, &l NO,
brings the tray number in the ASPEN Plus simulation up to equal the actual tray number of
eighteen. Recall that the reactions are in equilibrium in the model (which we will show is a
reasonable assumption for the real system as well) and that the vaporization efficiencies only
affect the vapor-liquid equilibrium. This fact tells us that the mass transfer between phases
represents the main resistance to absorption, whereas the reaction equilibria constitute the main

driving force.

The equilibrium model performs the simulation of the scrubber/absorber quite well.
However, the equilibrium model cannot satisfactorily simulate the behavior of the SCR. It fails
because of mathematical limitations in ASPEN Plus. We find the maximum value for a reaction
equilibrium constant in ASPEN Plus to be 1310 The equilibrium constants for the SCR
reactions are above this value, however, ASPEN Plus assigns the maximum value to such
constants. Therefore, the ratio of products to reactants is limited such that ASPEN Plus does not
allow the actual product concentration to be reached. The failure of the equilibrium model to

simulate the SCR motivates us to develop the kinetic model of the following chapter.
4.1.2 Motivation for an Equilibrium-Absorption Model

The conversion-reaction model ASPEN simulation matches the mass-balance data for the
base case very well. This modeling approach cannot match the system sensitivity to variables,
such as temperature and pressure changes. This inability makes it an unsatisfactory tool for
analyzing retrofit design options on the NOx abatement system.

Reaction equilibria predominates in the liquid region (Jethani et.al., 1992; Miller, 1987;
Thomas et al., 1997). Reaction rates and reaction equilibria constitute the driving force for NOx
absorption. Gas solubilities and mass-transfer rates are secondary as driving forces (although

primary in the resistance to equilibrium absorption) in that they supply the reactants to the proper
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phase in which they participate in their respective reactions. This situation itself sets NOx

absorption apart from most absorption processes.

Due to the fast reactions in the gas and liquid phases, reaction equilibrium dominates in
the NOx and water system. Column-tray efficiency ultimately depends on the rate at which the
mass transfer supplies these reactants to the proper phase, as well as the rates at which the
reactions achieve equilibrium. Because the reactions are fast and assumed to reach instantaneous
equilibrium, mass transfer represents the rate-limiting step in the absorption of NOx whien NO

the dominant NOXx species.

Reactions modeled by simply specifying conversion values cannot incorporate
dependence on temperature, pressure, or concentration in the reacting phase. The last point may
be easily overlooked. Most of the key reactions that drive absorption take place in the liquid
phase. Therefore, reactions in a vapor-liquid system depend on the concentration of the reactants

and products in the phase in which the reactions take place.

Defining a conversion for a stage where the reactants predominate in the vapor, whereas
the reactions take place in the liquid, contains an inherent logical flaw. Increasing vapor-phase
concentrations of reactants does not necessarily increase liquid-phase concentrations
proportionately or immediately. Making such an assumption removes mass transfer as the
essential link in the chain reaction mechanism of NOx absorbing into water. Reaction is the

driving force for NOx absorption, but mass transfer is the barrier that slows the process.

4.1.3 Complexities of NOx Absorption

Even as recently as 1994, researchers recognized the complexity of NOx absorption.
Suchak and Joshi (1994) state that “absorption of NOx gas is probably the most complex when
compared with other absorption operations.” Miller states that “the chemistry, although
extremely complex, has been treated extensively in the literature [but] gas-liquid mass transfer of

the primary reactants, however, is less well understood.” He goes on to say that “in particular,
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data for prediction of plant-scale performance has been lacking” (Miller, 1987). Even after
minimal perusal of the literature, it becomes clear that the very simple set of reactions proposed
by RFAAP and used in the conversion model will not suffice. Figure 4.1 shows the proposed
absorption and reaction network presented in one example of the literature (Newman and Carta,
1988).

The reader can see from Figure 4.1 that neither NO anddN@ot absorb directly into
water, nor do they directly react to form nitric acid. They first must react to form the NOx

species, BOs; or NbOs. These new species do absorb into the liquid phase and subsequently

react to form nitric acid.
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Figure 4.1. Actual diffusion/reaction network for absorption of nitrogen oxides in water (Newman and Carta, 1988).
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The first thing that the reader must understand when approaching the challenge of NOx
removal by absorption is that removal of NO and removal ot W@ very different, even
somewhat antagonistic processes. Figure 4.1 illustrates this fact.ad$éOrption into water
results in the production of HNGand NO. HNGQ, the product of N@absorption, obviously
hinders removal of N©® However, some evidence exists suggesting that Hik@roves
removal of NO (Thomas and Vanderschuren, 1997). NO absorption into nitric acid solutions
results in the production of NO The implications are bewildering for researchers merely
attempting to understand this process. The engineer charged with actually doing something

about it will be lost without an understanding of the subtle trade-offs involved.

Attempts to remove NO by absorption will be disappointing becausedN@oduced in
the process. This NQhen reacts in water to reproduce the NO in equal proportions to the NO
originally absorbed. NO must therefore be converted in a way that does not return equal
amounts of NO. Oxidation of NO to N@ air, and subsequent absorption of Ni©water, still
evolves NO. However, NO oxidizes to produce ;N@ a one-to-one proportion. Then the
absorption of 3 moles of Nroduces one mole of NO. The first lesson that the reader learns is
to maximize NO removal by oxidation and p@moval by absorption. The regeneration of NO
in NOx absorption cannot be avoided. However, the engineer can stack the deck to affect the
maximum total NOx reduction. Reduction of total NOx should remain the final objective for

general NOx abatement.

4.1.4 Simplification of Reaction Mechanism

Chapter 2 discusses the important reactions of NOx absorption, and we have listed them
in Table 4.1. Table 4.2 summarizes the important characteristics of the key components in the
NOx absorption system. Table 4.3 shows some of the qualitative aspects of the important
reactions involved in the system. We use the properties in Tables 4.2 and 4.3 to simplify the full

reaction mechanism proposed by Miller (1987) to a manageable size.
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Table 4.1. Full reaction and absorption mechanism for NOx and water (Miller, 1987).

N204 Path NO3 Path NQ Path
Gas Phase Gas Phase Gas Phase
2NO + Q « 2NO, 4.1) NO + NG, « N,O3 (4.6) NOzg ~ NOy( (4.10)
2NO; « N2Os (4.2) 2NOy) + HO « HNOs + (4.11)
HNO,
Transport Transport Transport
N204(g) < N2Oaq) (4.3) N2Osg) « NoOsqy (4.7) HNO3g) « HNOs (4.12)
Liquid Phase Liquid Phase Liquid Phase
N2Os) + H:O & HNOs; +  (4.4) N2Osg + H:O «  (4.8) 3NO; + H,O » 2HNG; + (4.13)
HNO, 2HNG;, NO
3HNO; - HNOs + H.O + (4.5) 2HNO + O, - (4.9)
2NQ, 2HNG;

Note: (l) refers to liquid phase and (g) refers to gas phase

144




Table 4.2. NOx absorption chemistry: key component descriptions.

- Stability
Compound Conc. Solubility
High

NO Negligible Stable

NO, High Low Reactive

N2O3 Low Moderate Reactive/Dissociates easily
N>O,4 Moderate Moderate Reactive/Dissociates easily
HNO, Low Highly Reactive/Unstable
HNO; High Extremely Unstable/Dissociates easily
NO3 High Completely Stable

Table 4.3. NOx absorption chemistry: key reaction descriptions.
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Reactions Rate Equilibrium

2NO + O, <=>2N0O, Slow Irreversible

NO + NO, <=>N,053 Fast NO, NQ,, favored heavily
2NO, <=> N,04 Fast NO, favored moderately
N>O4 + H,O <=>HNO; + HNO; Fast Products favored heavily
3HNO,<=>HNO;3; + H,O + 2NO Fast Products favored heavily
HNO; + H,O <=>NO3 + H;O" Fast Products favored heavily
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We deem the pathway presented by Miller to most closely reflect the situation under the
conditions that concern us here. Other researchers have proposed more complex mechanisms.
The complexity of these other mechanisms resides in their treatment of the gas-phase reactions.
Near atmospheric pressure and at low NOx concentrations, as is the case here, gas-phase
reactions become less important and Miller's proposed reaction scheme is acceptable. Figure 4.2
shows a schematic representation of the important reactions and mass-transfer components for

the mechanism proposed by Miller (1987).
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N,O, + H,0 <=> 2HNG,

2NO, <=> N,O,

Gas/Liquid Interface

2NO, + H,0 <=> HNQ, + HNO,
3HNO,<=> HNO, + H,0 + 2NO
N,O, + H,0 <=> 2HNG,

N,O, + H,0 <=> HNQ, + HNO,

HNO, <=> NO, + H*
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Figure 4.2. Full mechanism of NOx absorption in water for the mass transfer and reactions in the

scrubber/absorber (Miller, 1987).
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Even if we could develop a computer model that would account for all the pathways and
different reactions shown in Figure 4.2, would we want to do this? As previously stated, we
want the simplest, most theoretically sound model that can accurately predict the behavior of the
system under conditions of interest. For us, these conditions are process variables and retrofit
options that positively or negatively affect the system performance of the removal of NOx from
fumes as they exist at RFAAP. We can neglect certain aspects of the overall mechanism as
having inconsequential contributions to our conditions of interest in the process. However, we
want to begin with a complete representation of the physical system, from which we can make
logical assumptions to simplify the model to a manageable size. We want to eventually arrive at

a reaction model that we can put to work for us.

4.1.5 Assumptions Made for the Equilibrium Model

4.1.5.1 Assumption I: Neglect Reaction (4.1)

I. The oxidation of NO to N®remains a very important aspect of NOx chemistry.
However, the forward rate of reaction (4.1) is very slow and “has been identified as a major rate
limitation in the overall absorption mechanism” in cases where NO represents the major
contributor to total NOx and NOthat must be produced from NO oxidation (Miller, 1987).
Again, the oxidation reaction, (4.1) 2NO + O 2NGO,, eliminates NO and produces Wi the

presence of oxygen.

From reaction-rate data presented by Suchak and Joshi (1994), we perform calculus to
show the time-dependent concentration of NO for the starting conditions of the fume feed to the
bottom of the column. We present the results in Figure 4.3. Based on the total volume of the
column, we calculate a residence time of 22 seconds for the gas flow rate of 4000 standard cubic
feet per minute (SCFM) through the column. Obviously, the entire column volume is not
available for gas flow. Therefore, the actual residence time depends on the void volume of the
column and comes to even less than the 22 seconds assumed for Figure 4.3. Figure 4.4 shows

the same calculations for different initial concentrations of NO. The data presented in Figure 4.3
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represent the maximum NO that the system at RFAAP should have to deal with, but Figure 4.4
shows how the rate of NO consumption depends strongly on the NO concentration. Therefore,
in the ammonia oxidation plant, reaction (4.1) would proceed much faster because of the higher

concentration of NO and the higher column pressures. Therefore assumption | would not be

valid for that case.
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Figure 4.3. Time-dependent concentration of NO from reaction (4.1) for the conditions of the scrubber/absorber (Suchak and
Joshi, 1994). Column residence time = 1/3 minute, less than 10% NO consumed. Initial partial pressure of NO = 0.062 kPa.
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Figure 4.4. Plot of fraction of initial NO partial pressure vs. time for different starting partial pressures modeling (#&dgtwaithin the
scrubber/absorber. The NO partial pressure of the fumes entering the scrubber at RFAAP is approximately 0.062 kPa.
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Figure 4.3 clearly shows that for the conditions and time scale of the scrubber/absorber,
the amount of NO that oxidizes to M@ very low. Therefore, because of the time-scale and
concentration of NO and because N@®presents the major component of total NOx fed to the

scrubber/absorber column, we neglect reaction (4.1).

4.1.5.2 Assumption Il: Treat Reaction (4.2) as Being in Instantaneous

Equilibrium

[I. Reaction (4.2), (4.2) 2NO- N2O4, proceeds very fast, is reversible, and equilibrates
rapidly (Miller, 1987, Matasa and Tonca, 1973). This reaction typically achieves equilibrium in
10" seconds (Matasa and Tonca, 1973). Therefore, we can assume this reaction to be at
equilibrium with respect to other time-dependent concentrations. In other words, in a dynamic
environment, we assume that the ratio of products over reactants to be a constant (the
equilibrium constant, K) for reaction (4.2). Put simply, we can calculate the concentration of
N2O4 in the gas phase at any time if the concentration of diCthe total (NQ@ + NxO) is

known.

4.1.5.3 Assumption Illl: Combine Reactions (4.4) and (4.5)

[ll. Reactions (4.4) and (4.5) are fast and complete in the liquid film, and researchers
often represent them in a combined form (Miller, 1987), (4.4DsN + H2O ~ HNOsz + HNO;,
(4.5) 3HNQ ~ HNOs + HO + 2NQg, Combining Reactions (4.4) and (4.5), we get (4.4,5)
3N204) + 2HO0 « 4HNGO; + 2NQy). Reactions (4.4) and (4.5) equilibrate rapidly. Therefore,

we assume reaction (4,5) to be at equilibrium in the liquid phase.

4.1.5.4 Assumption IV: Neglect thg Pathway

IV. The association of NO and NOnolecules, reaction (4.6), is much slower than
reaction (4.2), coming to equilibrium in 0.1 seconds (Matasa and Tonca, 1973), (4.6) N©O + NO
o N2Os. Also, NOs is much less stable and less soluble tha@:N For these reasons, we
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neglect the contribution to NOx removal from theOil path in the equilibrium model. Figure

4.5 shows the equilibrium fraction of N@hat exists in dimer form as,; as a function of gas
temperature. We perform the calculations for the same conditions as for the gas stream entering
the scrubber. The reader can see that at approximately 80°fp ®@re exists an appreciable

amount of NOa.

Figure 4.6 is similar to Figure 4.5, except that Figure 4.6 shows the equilibrium fraction
of NO and NQ that exists as #Ds. The reader can see that within the relevant temperature
range, there is roughly one-tenth thgldlavailable as bDs. Given that NO, absorbs slightly

faster per mole and also exists in higher concentrations, we neglect the effgdt absbrption.
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Figure 4.5. Plot of equilibrium JD, ratio vs temperature. Conditions of the stream are 20 psia and the same NOx concentration
as that of the fumes entering the bottom of the scrubber/absorber.
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Figure 4.6. Plot of equilibrium ), ratio vs temperature. Conditions of the stream are 20 psia and the same NOx concentration
as that of the fumes entering the bottom of the scrubber/absorber.
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4.1.5.5 Assumption V: Eliminate HNO

V. HNO; does not exist for extended periods because it is a very unstable compound. For
this reason, it is customary to combine reactions (4.4) and (4.5) to eliminate the intermediate
HNO, (Miller, 1987). Figure 4.7 shows the mathematical method by which we eliminate the
intermediate HN@from reactions (4.4) and (4.5). This pseudo-steady-state assumption implies
that the concentration of HN@emains very low and relatively constant at any time, because it

reacts away by reaction (4.5) as quickly as it is produced by reaction (4.4).
Literature data for the liquid-phase oxidation of HN(.9) 2HNQ + O; - 2HNG;,

remains unavailable (Miller, 1987). Also, liquid-phase concentration,ak @lso very low.
Therefore, we neglect the effect of HhGxidation in the liquid phase.
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(4.4) N,O, + H,O <=> HNQ, + HNGO,
(4.5) 3HNQ,<=> HNO, + H,0 + 2NO
multiply reaction (4.4) by 3,

then add to reaction (4.5).

2
3 X (4.4) 3NO,# 3H,0 <=a=3#m O, + 3HNO,

4+ (4.5)3HRQ <=> HNOg=t20 + 2NO

3N,O + 2H,0 <=> 4HNO, + 2NO

Figure 4.7. Elimination of HNQfrom the reaction mechanism by adding reaction (4.4) to reaction (4.5).
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4.15.6 Assumption VI: Assume Vapor-Phase Acid Concentrations Are

Negligible

VI. Researchers assume the vapor-phase production of nitric and nitrous acid to be
negligible (Miller, 1987). Therefore, we neglect reactions (4.10) and (4.12).
2NO; + H;0  HNO; + HNO, (4.10)
HNOs(g) ~ HNOs (4.12)

4.1.5.7 Assumption VII: Neglect Reaction (4.13)

VII. The lower solubility and reactivity of NOthan that of MO, leads us to neglect
reaction (4.13), 3N©+ H,O - 2HNG; + NO. Suchak and Joshi state that “absorption of NO
as such is negligible” (Suchak and Joshi, 1994). Also, Miller says that “thedit@s are slow
relative to those involving the reactantsO¥ and NOz; and can usually be neglected in

evaluating nitric acid absorption performance” (Miller, 1987).

The research shows that N@oes not absorb on its own to any appreciable extent (at
least for low partial pressures of BO It must change its form chemically and enter the liquid
phase as a dimer §8,), or in union with a NO molecule ¢8s). These forms absorb much
faster than do NO and NGndividually, and the observed rate of N@bsorption is actually the
rate of absorption of XD, and NOs. Therefore, we neglect the absorption reactions of NO

through the N@pathway of Table 4.1.

Figure 4.8 shows the mathematical representation of the effect of our assumptions on the
mechanism we show in Figure 4.2. Figure 4.9 shows the resulting mathematical representation
of NOx absorption. ASPEN automatically calculates the mass transfer associated with vapor-
liquid equilibrium at each stage of the scrubber/absorber column. Therefore, all species can exist

at various concentrations in the vapor or liquid; however, we greatly simplify the reactions in
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which they participate. These assumptions leave us with a highly simplified model that Table

4.4 summarizes.
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Figure 4.8. Elimination of reactions and species based on assumptions for the case of NOx absorption at RFAAP.
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Liguid Reactions
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Gas Reactior

3N,0, + 2H,0 <=> 4HNGQ, + 2NO
2NO, <=> N,O,

Gas/Liquid Interface

HNO, + H,0 <=> NO; + H,0*

H,0 H,0
NO, NO,
NO NO
N,O, N,O,

Gas Absorption Liquid

Figure 4.9. Final reaction and absorption mechanism after the application of assumptions I-VII. Note that ASPEN calculates
vapor-liquid equilibrium in the scrubber /absorber column, so all species are capable of interfacial mass transport.

162



Table 4.4. Simplified reaction mechanism for NOx abatement.

Description Reaction

Gas-phase reaction: 2NOy(g) » N2Oa(q (4.2)
Transport: All species able to diffuse between phases
Liquid-phase reaction: 3N204) + 2HO() « 4HNGs() + 2NQy) (4.4,5)
Dissociation of nitric acid: HNOs; + H;O « NOs + HzO" (2.5)

Note: (l) refers to liquid phase and (g) refers to gas phase

The whittling down of such a complex system to as simplified a model as we propose
may raise some doubt in the mind of the reader. To calm these doubts, we restate the hypothesis
that we consider these assumptions valid for the conditions relevant to the process we are
modeling. Table 4.5 summarizes the conditions for which the model described in Table 4.4
applies. We do not contend that the same model would hold for the ammonia oxidation portion
of the plant at RFAAP or for the flue-gas treatment of a gas-turbine power plant. However, we
do state that from the same starting point of the full mechanism, applying the appropriate
assumptions would arrive at an acceptable model for these processes as well. In the discussion
of the first equilibrium model in Section 4.2, we present the model results that we hope justify,

for the reader, the assumptions we make in this section.
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Table 4.5. Limiting conditions of the assumptions made to arrive
at Table 4.2.

Low Pressure

Low partial pressure of NOx

Low nitric acid concentration

Low NO partial pressure

Low NO; partial pressure

NO to NG ratio of partial pressures or total NOx partial pressure low

Low temperature

4.1.6 Equilibrium Model of the SCR Unit

The use of an equilibrium model becomes somewhat more dubious when applied to the
catalyst vessel. The reaction rates and the complex interaction with the heterogeneous catalyst
bed represent the major resistance to reaction in the catalyst vessel. In fact, the required use of a
very expensive catalyst bed underscores the extreme ‘distance’ from equilibrium of the reactions
involved. This situation differs fundamentally from that of the scrubber/absorber. There,
literature reports state that the reactions achieve equilibrium; however, mass transfer between the
phases constitutes the limiting step in the overall consumption of NOx. The eventual failure of
the equilibrium model to deal with the SCR becomes the impetus for the development of the

kinetic model.

4.2 Discussion of the First Equilibrium Model

The first equilibrium model utilizes a reactive-distillation model to simulate the
scrubber/absorber. ASPEN calculates each stage of this model for the vapor and the liquid in
equilibrium with each other. We specify the set of reactions resulting from the mechanism
simplification to occur on each stage of the column. ASPEN calculates the equilibrium for the

reactions via a Gibbs free-energy minimization. Physical and chemical equilibria dictate the
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behavior of the entire simulated tower. In an actual absorption column, a steady state of mass
transfer between phases usually exists. Figure 4.10 gives a visual illustration of the vapor and
liquid compositions of the key components during steady state. In a batch system at infinite
time, the vapor and liquid phases eventually reach equilibrium. Equilibrium concentrations for
the components are not equal between the vapor and the liquid. Chemical potentials dictate the
amount of each component that resides in the vapor and the liquid. Figure 4.11 shows a notional
view of how the system in Figure 4.10 would look if allowed to reach equilibrium. The system
that Figure 4.11 shows is analogous to how ASPEN calculates the component concentrations on

a stage in the scrubber/absorber under the equilibrium assumption.

The major physical differences between the conversion and equilibrium models reside in
the scrubber/absorber and the catalyst-vessel units. The first equilibrium model simulates the
scrubber/absorber as a single column, eliminating the separate scrubber drums and external
conversion reactors. These changes are clearly visible by comparison of the two process flow
diagrams. Compare Figure 3.18 with Figure 4.12, the block flow diagram for the first
equilibrium model. Within the reactive-distillation model for the absorption column, we change
the specification of the reactions from conversion to a Gibbs free-energy minimization
calculation. ASPEN calculates reaction equilibria by minimizing the Gibbs free energy of the
system. For the catalyst vessel, we replace the conversion reactor with an equilibrium model
using the same Gibbs free-energy minimization technique. We include reactions (4.14) and
(4.15) in the equilibrium model of the catalyst vessel.

4NH; + 4NO + Q « 4N, + 6H,0 (4.14)
NO + NG, + 2NH; & 2N; + 3H,0 (4.15)

165



H,O

‘K,
H,O -
NO, + N,O, HNO;,
NO
NO, + N,O,
HNO, NO
gl;lg g?rfm Gl?tse/rLfgcuéd Iﬁii?mmd Eiléllljid

Note: HNGQ, = NO; + HNO, = total acid

Figure 4.10. Qualitative representation of diffusing species composition profiles at steady-state.
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Figure 4.11. Qualitative representation of diffusing species composition profiles at equilibrium.
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Figure 4.12. Block flow diagram of the NOx abatement system for the first equilibrium model.
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4.2.1 Results of the First Equilibrium Model

In the first equilibrium model, we ignore the prospect of column inefficiency. Therefore,
each stage provides a 100% efficient vapor-liquid equilibrium state. We change the number of
theoretical stages in the absorber column until the outputs closely matches the proposed mass
balance. A column of three equilibrium stages agree with the mass balance to a great degree.
Figure 4.13 illustrates the flowsheet used in the computer model. Initially, we desire a close
agreement from which we can observe the sensitivity of column and catalyst-vessel behavior

Versus process-parameter variations.

For the equilibrium model, we deem matching the mass balance exactly as less important
than a close match with appropriate responses to operating conditions. However, the ASPEN
Plus simulation results do agree with the mass balance provided by RFAAP surprisingly well.
Table 4.6. shows the results of the base-case equilibrium model as compared to those for the

conversion model and the proposed mass balance provided by RFAAP.
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Figure 4.13. Equilibrium model flowsheet for the computer simulation.
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Table 4.6. Output flows for the equilibrium model as compared to those for the

conversion model as well as data supplied by RFAAP.

Stream: Acid From WASTACID WASTACID Gasto PRODUCT PRODUCT
Scrubber (ASPEN) (ASPEN) Vent (ASPEN) (ASPEN)
(RFAAP Data) Conversion Conversion Stack Conversion Equilibrium
Model Model (RFAAP  Model Model
Data)
Mole Flow
Ibmol/hr
NO 8.954E-3 0.06 0.0598
NO> 6.115E-3 trace  9.748E-3
HsN trace 0
o7 1.650E-6 132.06 132.052
N2 1.748E-6 496.77 498.763
H,O 13.1 21.412 23.86 15.939
H2SO4
HNO-
HNO3 2.091
Total Flow lbmol/hr 20.8 25.618 654.75 646.824
Total Flow Ib/hr 376 556.292 18631 18486.98
Total Flow cuft/hr 7.791 3.90328E5
Temperature F 86 80.000 350 350.000
Pressure psi 60 14.000 14.1 14.400
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The deviations between the models and the RFAAP data deserve some discussion at this
point. The numbers for the conversion model agree almost exactly with the RFAAP data,
whereas the values for the equilibrium model are close but not exact. The reader may ask why
this is the case. This situation arises because we manipulate the conversion-model reactions to
give exact matches to the RFAAP data. The only arbitrary manipulation of the equilibrium
model is the selection of the three equilibrium stages. All the other input values are those given
by RFAAP, except for the specification of the equilibrium-reaction model. The results are

therefore more genuine, and we accept some deviation from the data provided by RFAAP.

The lack of sufficient meters, sensors, and indicators on the equipment at RFAAP limit
the usefulness of the available plant data. Recall that the RFAAP mass-balance data originate
from design data, and not actual operating data. ASPEN Plus equilibrium calculations result in
close agreement with the data provided. In this light, the small deviations of the equilibrium
model should appear less significant. In fact, the equilibrium model displays remarkable

accuracy, considering the simplicity of the reaction mechanism used.

Figure 4.14 compares the results of the first equilibrium model to an example found in
the literature. We reproduce data from Thomas and Vanderschuren (1996) the results for
experiments on NOx absorption. We use the same nomenclature in Figure 4.14 as do the

authors.
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Figure 4.14. Comparison of absorption results to those of Thomas and Vanderschuren (1996). Absorption efficiency andatiadatio
are terms used by these authors (see Figure 2.9). Absorption efficiency has the same definition as this thesis for oabsaltgtiox
(NO + NGQ,)). Thomas and Vanderschuren define the oxidation ratio as total NOx minus NO divided by total NOx.
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The absorption efficiency represents the percentage of total NOx that is absorbed and is
defined as A= ((pnox)in — (pvox)out)/(pvox)in.  The oxidation ratio gives a measure of the ratio
of NOx that is in the form of N©or N2Q.. They define the oxidation ratio as GRpnox —
Prno)in/(Pnox)in.

Finding experimental data appropriate for comparison with the results we obtain from the
equilibrium model presents a serious challenge. Very few sources of NOx absorption data
concern themselves with a system similar to the one at RFAAP. Thomas and Vanderschuren
present the closest match to our system. Figure 4.14 clearly shows a strong agreement between

the equilibrium model results with those of Thomas and Vanderschuren.

4.2.2 Sensitivity Analyses for the First Equilibrium Model

We loosely categorize attempts at optimizing an existing NOx absorption unit into two
strategies. First are measures aimed at positively affecting the rates and equilibrium constraints
of the reactions; second are measures implemented to improve the mass-transfer efficiency of the
column. In a system such as NOx absorption, these two factors are not only additive, but also
multiplicative. For example, improving R, absorption in the liquid and NO desorption on a
stage pushes the equilibrium of the liquid reaction to produce higheg ddi@@entrations. In
other words, adding more reactants and removing the products of the reaction (40%), 8N
2H,Op « 4HNGs() + 2NQg), pushes the reaction to the right.

Reactions can also aid in absorption. The dimerized form of N&D, absorbs more
readily than N@ as a monomer. Therefore, pushing the reaction,2NON,O, to products
gives a form of N@that absorbs much faster. The ultimate products of the absorption,of NO
and NO, are the same (HNand NO), but absorption of284 proceeds more rapidly. Also,
the consumption of liquid phase®} by reaction (4.4,5) decreases the concentration,©f

the liquid film, increasing the driving force of absorption from the gas to the liquid.
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Furthermore, we categorize the effects of process variable changes into two groups. The
first group consists of effects that are seen in the results of the computer model. The second
group encompasses the effects that are not manifested in the results of the computer model, but
would be present in an experiment with the actual column. We can only conjecture at the second
category because the computer model remains the only quantifiable information we have on our

particular system.

Engineering experience and the literature give us qualitative predictions of how our
system should react to some process changes. The sum total of the results revealed by our model
and those that it does not show represent the reaction of the actual process to process
adjustments. For example, temperature and pressure have profound effects on the NOx
absorption system. We pose these questions. Can the equilibrium model, as it exists, account for
temperature and pressure variations cited in the literature? If so, how do these variables affect
the absorption column being studied? If the model cannot accurately simulate column behavior,
what additions need to be made? Is it even possible to develop a model with the software
available that can satisfactorily simulate the real situation? Where appropriate, we will make
distinctions between results expected from the model and results expected from the actual
system. Ideally, the two situations coincide; in reality, there may be wide variations. We will

attempt to explain important or surprising results.

We must make one more explanation of the way results are presented in this section. As
the previous section explains, the primary role of NOx absorption is to remoyve R&duction
of NO proceeds very slowly under these conditions and reduction efoM@eaction (4.4,5)
actually produces NO faster than it is removed. Therefore, unlike some literature sources, we
present the reduction in N@s opposed to the reduction of total NOx for the absorption column.
The total NOx reduction is actually somewhat less than the reduction oalN@e because of
the production of NO. Also, in most of the plots regarding the caldinensymbol N@refers to
both NQ and NO..
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We take the opposite approach when analyzing the catalyst vessel because it is designed
for the removal of NO. Therefore, we present the results for that unit as removal of NO instead
of NO, or total NOx. Even though total NOx removal is the priority, the true gauge of
effectiveness for the scrubber/absorber is; K€noval, while that of the catalyst vessel is NO

removal.

Although presenting results for N@nd NO, as the sum of the two and labeling it NO
simplifies the digestion of the information we present for the reader, it is important to understand
the role of NOy in the chemistry of our system. Most literature sources use the same approach
to the nomenclature. Some distinguish between the moleculanithe sum of N£and NO,
by adding a star as N©to the sum term. We neglect such nomenclature as we believe it adds

to confusion.

4.2.2.1 Column-Tray Number

Overall stage number is one of the first topics engineers address when designing or
retrofitting an existing column. Varying the number of trays is alscogoat to varying the
overall efficiency of the column. Obtaining an optimum vapor velocity in the column can
achieve this effect. Due to capital costs, modification to the existing process at RFAAP remains
at a lower priority than parameter adjustment. Therefore, column-tray number receives less
emphasis than the other sensitivity tests presented here. Figure 4.15 shows the effect that

increasing or decreasing overall column number has on thekitihg the column.
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4.2.2.2 Column Cooling

The literature suggests temperature control as a means to improve NOx removal
efficiency by scrubbing (Cheremisinoff and Young, 1977; Matasa and Tonca, 1973). We
investigate several methods for cooling the column. These include: varying the fume-feed
temperature, varying the filtered-water feed temperature, specifying a cooling-jacket duty, and
cooling-tray duties. Temperature affects the equilibrium condition of the gas-phase and liquid-
phase reactions. All the reactions involved in the model are exothermic, therefore generating
heat and favoring products at low temperatures. Temperature also affects the vapor pressure of
the components. Reduced temperature reduces component vapor pressures and favors absorption

at atmospheric pressure.

Clearly, low temperature favors the absorption of NOx in our equilibrium model. We
cannot determine directly from ASPEN how temperature affects the rate of the processes, nor are
rate data readily available in the literature. This fact testifies to how widely researchers treat the
reactions as equilibrium bound. Suffice it to say that most reaction rates increase with increased
temperature, though this does not affect NOx absorption negatively because the important
reactions are in instantaneous equilibrium. Therefore, we hypothesize that any reduction in the

rates of these other reactions due to decrease in temperature is negligible.

Curiously, NO oxidation increases with a decrease in temperature. Again, we ignore this
reaction in the equilibrium model altogether. Howeuver, it is interesting that the only reaction that
is not assumed to be at equilibrium still improves our cause with a lowering of temperature. It is
important to mention as well that increased fraction of NOx in i@ Wnd NO, form at lower

temperatures, as Figures 4.5 and 4.6 illustrate, promote absorption at reduced temperatures.

Decreased vapor pressures and improved equilibrium provide NOx components with

greater driving forces for absorption and therefore should also increase the rate of absorption.
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Very little evidence in the literature suggests any drawback to cooling. Therefore, we study the
effect of removing heat energy from the NOx absorption system by a number of different
methods. Figure 4.16 represents the direct approach to column cooling. We start with the base-
case results for NOeaving the top of the column in stream ABSOUT. In the base case, we
specify the column to be adiabatic, that is, no heat lost or gained from the surroundings other
than the inputs and outputs. Figure 4.16 also shows what happens when we remove heat from
the column. The heat removed from each of the three stages remains constant and equal.
Therefore, the heat removed from each stage is exactly one-third of the value show in Figure

4.16 for the whole column.

We see that the removal of heat from the column increasesdi@val considerably in
the beginning. Between 100,000 and 150,000 Btu/hr, diminishing returns set in. However, a
heat removal of approximately 500,000 Btu/hr reduces &8daping the column essentially to

Zero.
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Figure 4.16. Plot of NQout the top of the column vs. heat removed from column (heat loss). Simulates a cooling jacket or
cooling trays. A heat loss of 0.0 btu/hr corresponds to the base-case model simulation.
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4.2.2.3 Fume-Feed Temperature

We vary the simulation temperature of the fumes from the nitrocellulose line prior to
feeding it into the top of the column. Figure 4.17 illustrates the results of cooling the fume
stream. Comparison of Figure 4.17 with Figure 4.16 shows both to be analogous and
comparable. However, we include Figure 4.18, which uses the same axis units as Figure 4.16,
for direct comparison. Cooling the fume stream represents a viable and effective method of
column cooling for improved NOremoval. Diminishing returns set in at a fume-feed
temperature of 6%. This value represents a cooling of’B5rom the initial temperature of 90
°F. A heat exchanger using chilled water would suffice for such an operation. We discuss this

option in Chapter 6.

It appears that cooling the fume stream gives better results than assuming an overall heat
loss from the column itself. We summarize this by saying that removing all the heat from the
fume stream in the beginning before it is fed to the column is preferable to removing the heat
one-third at a time on each stage. The approach of cooling the fumes initially allows the fully
cooled fumes to contact three equilibrium stages. Cooling the column as a whole, as in Figure
4.16, cools each stage one-third of the way. Therefore, the top stage is the only one where the

streams are cooled to their lowest temperature.

Figure 4.19 displays the effect that cooling the fume feed has on the acid weight fraction
leaving the bottom of the column. Again, due to restrictions imposed by the acid-recovery group
at RFAAP, we require a minimum nitric acid weight fraction of 0.30 for viable acid recovery.
Here, we experience our first drawback to column cooling. The more we cool the column, the
lower the concentration of acid in the waste-acid stream (WASTACID). We also discuss

remedies for this effect in Chapter 6.

Due to conservation of mass, if column cooling causes increasedbforption and
greater production of nitric acid, then the mass of acid leaving must be greater. Nitric acid does
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not leave with the gas stream in ABSOUT to any appreciable extent, so it must be leaving in the
waste acid stream. How can this be and still have dilute acid? Figure 4.20 shows that the overall
mass flow rate of the waste-acid stream indeed increases as we lower the temperature. The
answer is that decreasing the temperature also increases the amount of water that enters with the
waste-acid stream. Without cooling, we observe a pseudo-distillation effect where all the acid
leaves the bottom of the column, whereas some of the water that enters in the filtered water
stream (FILTE-W) and the water vapor in the fume (FUMES) stream flows out the top in
ABSOUT. Cooling the column causes this water to condense and flow out with the acid.

Column cooling increases the absorption of all components including, unfortunately, water.

The simulation results do not account for the effect that cooling has on reaction (4.1), the
oxidation of NO, because we assume that reaction to be negligible. However, we know that
reducing the temperature of the gas has a positive effect on the rate of reaction (4.1), even though
the computer simulation results do not show it. Again, increasing the conversion of NQ to NO
increases NOx absorption by providing more soluble and reactive NOx species, namalydNO
N2O4. Figure 4.21 shows the effect that gas temperature has on the conversion of NO to NO
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Figure 4.17. Plot of NQescaping the top of the column vs. fume inlet temperature.
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Figure 4.18. Plot of NQescaping the top of the column vs. heat lost from the fume stream.
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Figure 4.20. Total mass flow rate of liquid stream leaving the bottom of the column in WASTACID. Both acid and watee flow rat
increses as temperature of the fume stream is decreased. The increase in water flow rate dilutes the potential acid product.
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4.2.2.4 Filtered-Water Feed Temperature

We vary the filtered water temperature prior to feeding into the top of the column. The
flow rate of water in the filtered water stream is 22.2 lbmol/hr as compared to the 648 Ibmol/hr
flow rate of the fume stream. Clearly, cooling the fume stream offers greater overall heat
removal per degree of temperature that stream is cooled. However, due to the higher heat-
transfer rate of water compared to air, it seems reasonable to explore the option of cooling the

water stream.

Figure 4.22 shows a clear improvement inN®moval with cooling of the filtered
water. However, comparing the results of filtered water cooling to those of cooling the fumes,
the benefit of cooling the filtered water stream is disappointing just as we predict. Adding
interstage liquid coolers to the column would increase the amount of heat exchange from the
system. Interstage cooling simply requires a series of pumps and heat exchangers between
stages. By cooling the liquid between stages, we increase the overall cooling of the gas as well.
This option may offer an acceptable alternative to adding a heat exchanger to the fume stream or

a cooling jacket for the column.
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Figure 4.22. Plot of NQleaving top of column vs. filtered-water inlet temperature.
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4.2.2.5 Cooling-Jacket Duty

We specify a cooling jacket around the column with a constant heat-transfer rate for the
column. We accomplish this by specifying a heat loss for the column similar to that presented in
Figure 4.16. The overall heat lost divided by the number of stages gives the amount of heat lost
from each stage. We simulate heat loss as equal quantities for each stage. Figure 4.23 plots the
amount of NQ escaping the top of the column vs. the cooling-jacket duty for four differept NO
feed rates (3.37, 4.0, 5.0, and 6.0 Ibmol/hr). We keep the remainder of the components in the

FUMES stream at constant feed rates corresponding to the base-case input specifications.

The reader can approach the information in this figure in several different ways. The
most obvious one is to select a point on the x-axis for cooling-jacket duty. The vertical line from
that value intersects the lines for the different feed rates of NIhe corresponding y-value
gives the amount of NCGhat will escape the top of the column at the corresponding feed rate of
NO. and that cooling-jacket duty. Obviously, the base case has a cooling-jacket duty of O
BTU/hr, so the y-axis for Figure 4.23 contains the same information as thdediDrate
sensitivity test for no column cooling. Values can be interpolated for fd€d rates not

explicitly shown in Figure 4.23.

Another way to approach the figure is to determine the maximum amount,alé$®ed
to escape the column in ABSOUT. This maximum value corresponds to a point on the y-axis.
The horizontal line from there intersects the different-ll@v-rate lines with an x-value that
corresponds to the required cooling rate of the column to achieve the desired valugiof NO
ABSOUT. This information could be used to design a control system for a cooling unit for the
column. Increases in NQeeding to the column would trigger an increase in the cooling duty,
increasing the removal efficiency and keeping the effluent bi&low the critical level. Low

NO; rates would reduce the cooling duty, conserving energy.
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Figure 4.23. Plot of NQout the top of the column in ABSOUT vs. BTU/hr of heat loss from column (simulating a cooling
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4.2.2.6 Column Pressure

Just like temperature, column pressure affects NOx removal in the column in a number of
ways. First, pressure promotes the reactions in the gas phase. Most importantly for the current
model, high pressure pushes the equilibrium of reaction (4.2); 2N@®,0,, to products. High
pressure also promotes absorption of NOx gases. Therefore, increased pressure indirectly
enhances the liquid-phase reactions by increasing the concentration of the reactants in the liquid.
At high NO partial pressures and high nitric acid concentrations, high pressure potentially
reduces NOx absorption by increasing the liquid concentration of NO for the reverse reaction of
reaction (4.4,5) 3bDa4q) + 2HO « 4HNG; + 2NQy). Figure 4.24 shows the effect that column
top-stage pressure has on the,N@d nitric acid flow rates leaving the column. Figure 4.25
shows the negative effect that increasing pressure exhibits on the nitric-acid effluent weight
percent. Figure 4.26 shows that the reason for this negative influence is that the water that leaves

as a liquid increases with increasing pressure.

Thankfully, the highest nitric acid concentration occurs at the bottom of the column, and
the highest NO partial pressure occurs at the top of the column. Therefore, for the relevant set of
conditions, this hindrance to the equilibrium of N&bsorption does not present a problem in the
equilibrium model. Also it deserves restating that as Section 2.4.5 on current research discusses,
evidence suggests that this situation may in fact be beneficial. High nitric acid concentration can
improve the removal of NO, improving the reduction of total NOx. Again, the equilibrium
model does not take this effect into account.

High pressure increases the forward rate of reaction (4.1), 2N@ s @NGQO,. Our
equilibrium model neglects this reaction also. The low residence time in the column, as we
discuss in Section 4.1, makes this effect small. However, the reaction rate varies with the cube
of total pressure so the effect quickly becomes significant at elevated pressures. Figure 4.27
shows how pressure positively affects the oxidation of NO. Another advantage of higher

pressure is that it reduces the vapor volumetric flow rate and thus the gas mass velocity.
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Reduction of vapor velocity positively affects stage efficiency by increasing vapor-liquid contact
time and vapor residence time. The equilibrium model ignores these effects also. Figure 4.28

illustrates the increase in residence time for increases in column pressure.

The predicted effect for our model for changes in pressure is not as dramatic as we should
see in practice. This is partly because we neglect reaction (4.1) from our model. Also, the
reduction in vapor velocity and the improved rates of absorption are kinetic effects. Our
equilibrium model ignores kinetic effects. High pressure does, however, affect the equilibrium
of reaction (4.2) and the equilibrium absorption of key NOx gases. Increased absorption of NOx

gases likewise improves the liquid-phase production of nitric acid.
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Figure 4.25. Plot of acid Wt.% in WASTACID, HNGn WASTACID, vs. top-stage column pressure.
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Figure 4.27. The effect of total column pressure on the time-dependent concentration of NO. Temperatirecs|@sn
height is 73.5 ft., column diameter = 5 ft., void-volume fraction of column = 0.8. The residence time of the column depends on

total pressure (see Figure 4.25), NO flow in fumes = 0.5 Ibmol/hr.
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Figure 4.28. Effect of column on residence time for the fumes fed to the scrubber/absorber. Temperafarea8bn height
is 73.5 ft., column diameter = 5 ft., void-volume fraction of column = 0.8
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4.2.2.7 NO Feed Rate to the Scrubber/Absorber

We predict that increasing the NO feed to our column will have a generally negative
effect on column performance. Absorbed NO reacts with nitric acid to produgeadé@rding
to our model. The two possible fates of the;N@duced in this manner escape to the top of the
column, or react in water to produce nitric acid and regenerate NO. The equilibrium model takes
no account of the proposed catalytic effect of nitric acid on NO removal. Also, the first
equilibrium model neglects the presence gDl and thus the contribution of that pathway to
NOx removal. Therefore, we predict that the equilibrium model responds even more negatively
to increases in NO than does the actual column. The lack of accounting for NO@nd N
represents a shortcoming of the equilibrium model. However, we stand by our assumptions that
for the case of NOx abatement under the conditions observed at RFAAP, the contribution from

these components is minimal. Figure 4.29 shows the results of this test.
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Figure 4.29. Plot of NQleaving the top of the column in ABSOUT and nitric acid leaving in WASTACID versus the NO feed
flow rate at a constant fume flow rate of approximately 650 Ib-mol/hr.
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4.2.2.8 NQFeed Rate to the Scrubber/Absorber

Literature reports contend that bli€@ed rate positively affects the percentage of the NO
removed. In a typical absorption system, increasing the amount fed would increase the amount
absorbed, but not necessarily the percentage. This distinction follows from the dependence that
NOx absorption has on reactions, and therefore, on the concentration of the key NOx gases
participating in the reactions. Since air constitutes the bulk of the gases fed to the column,

doubling the NQ@feed rate has little effect on the overall gas flow.

We predict that our model will show similar sensitivity to Nf@ed rate as that of the
literature. The conclusion of this analysis should not be to feed mordoW@eding a larger
volume of fumes. On the contrary, we make the point to keep theal@oncentrated as
possible by minimizing the air that dilutes it before feeding it to the scrubber/absorber.
Implementing such a strategy would require changing processes in the nitrocellulose line
upstream, because there is no convenient method for concentrating NOx gases once they have

been diluted in air.

We present the results for MGeed flow rate in a number of ways to ensure
understanding. Figure 4.30 shows the results for molar flow rate paN®nitric acid leaving
the top and bottom of the column, respectively, versus the molar flow rate into the bottom of the

column.

Figure 4.31 displays the results for total NOx removal efficiency versus inlet NOx
concentration in ppmv. The NO inlet rate remains constant at 600 ppmv, while thial&tO

rate varies between 0.0 ppmv and 23,150 ppmv.

Figure 4.32 gives a reaction profile for the three-stage equilibrium model for four
different NQ inlet rates displayed in Figures 4.30 and 4.31. We connect the data points with a

line only for ease of visualization. Each data point represents the amoung,oihNi@nol/hr,
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that absorption/reaction remove on each stage. The terms reaction, absorption, and removal are
synonymous for this plot. The negative values for the y-axis denote thatisNi@ fact

consumed.
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Figure 4.30. Plot of NQleaving the top of the column in ABSOUT and nitric acid leaving in WASTACID versus theféd@d
flow rate at constant fume flow rate of approximately 650 |b-mol/hr.
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Figure 4.31. Plot of NOx removal efficiency vs. total NOx fed to the column. A constant NO feed rate of 0.39 Ibmol/hr (600
ppmv) is fed while we vary the NQate.
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Figure 4.32. Plot of NQreacted on each stage for 3-stage equilibrium model for varying feed flow rates, af f¢@d.
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Figure 4.30 shows the effect of N@let rate on the outlet rate of N@nd HNQ. The
NO, exiting the top of the column remains very low, and the nitric acid flow rate increases
quickly until a feed rate of 3 Ibmol/hr of NO Not until a feed rate of 5 Ibmol/hr does the
effluent NQ rate exceed 1.0 Ibmol/hr. However, above an inlet rate of approximately 4
lbmol/hr, the outlet N@rate increases linearly with the inlet rate. The slope of this increase is
approximately 0.63 (Ibmol/hr NQu)/lbmol/hr NG in.  The increasing nitric-acid effluent flow
rate with respect to inlet NOalso becomes less dramatic. This result proves that merely
increasing the total inlet rate of M@t constant air rate does not improve the rate of absorption
after a certain point. Above an inlet rate of N@ 4 lbmol/hr, only 0.37 lbmol/hr N©Ois

absorbed for each extra Ibmol/hr fed.

Figure 4.31 shows a clear maximum in the results for NOx removal efficiency versus
total NOx inlet rate. The results in the region of inlet NOx less than the maximum value agree
with literature results of Cheremisinoff and Young and others (Cheremisinoff and Young, 1977)
that increasing NOx concentration increases removal efficiency. After the maximum, we
observe the opposite effect. The maximum itself is not a gradual leveling off, but a sharp curve.
We reason that the maximum occurs in the vicinity of a critical value of the filtered-water flow
rate. More specifically, this critical value has to do with the nitric acid concentration allowable

by equilibrium in the water effluent.

We refer the reader now to Figure 4.32. This figure shows where within our three-stage
equilibrium model of the scrubber/absorber, the removal actually oftAlkes place. At low
inlet rates of N@ the majority of the removal is in the bottom section (stage 3). This section
corresponds to the bottom bubble-cap trays, as well as the scrubber section in the real column.
However, recall that the computer model makes no distinction between a bubble-cap absorber
tray and a scrubber stage. For higher inlet M@centrations, we see that the amount of NO
consumed at the top of the column (stage 1) increases dramatically and that of the middle of the

column (stage 2) actually decreases.
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What is physically happening in Figures 4.30, 4.31, and 4.32? The fumes richin NO
enter the bottom of the column and contact the scrubbing water. At lowrd€s, this
scrubbing liquid has a very low nitric acid concentration, so it can accept a large amount of
absorbed N@at equilibrium. The majority of the NOemoval takes place at this point and
flows out the bottom of the column as nitric acid. As the fumes rise up the remainder of the
column, little NQ remains to be removed. Therefore, very little reaction occurs from the middle

to the top of the column.

At very high NQ inlet rates, the scrubbing liquid it contacts in the bottom of the column
is high in nitric acid. Therefore, equilibrium dictates that the scrubbing liquid cannot accept a as
much absorbed NO However, because the B@he concentration is so high in the gas, the
equilibrium “pushes” that N@into the liquid. This reduces the M©oncentration in the gas
somewhat. As the gas proceeds to the middle of the column, the scrubbing liquid still has a high
nitric acid content. Because the gas has lesg M@re is not the driving force to push the NO
into the liquid. Therefore, very little reaction occurs in the middle of the column. Then, at the
top of the column, the gas contacts a pure water feed. The pure water obviously has a large
capacity for NQ and nitric acid absorption, and, thus, it absorbs a great quantity of these
compounds. This process increases the nitric acid concentration in the scrubbing liquid as it goes

down the column.

Interesting things happen in the regime between very high and very loviel@rates.
Figure 4.32 shows that between the JNi@w rate of 3.37 lbmol/hr and 5.00 Ibmol/hr, a
transition takes place where the majority of the reaction conversion switches from the bottom
(3.37 Ibmol/hr) to the top (5.00 Ibmol/hr). By the 15.0 Ibmol/hr flow rate, the majority of
reaction is again at the bottom, but the reaction remains high at the top, though the activity of

middle has dropped sharply.

How would the rate-dependant factors affect the real column under the conditions of this
graph? We, of course, attempt to take the distance from equilibrium of the column by using

three-stages to simulate the actual tower (16 bubble-cap absorber trays and 2 scrubber sections).
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This expedient is not perfect, however. First, the efficiency of the column is higher at points in
the column where the driving force, or distance from equilibrium, is greatest. Therefore, the
driving force, and thus the absorption rate and stage efficiencies, would be greater for the 15.0
Ibmol/hr feed rate of N@than for the lesser values. Also, we do not know whether bubble-cap
absorber trays and the scrubber sections have the same absorption efficiencies. If they are not

the same, we do not know which one is greater and by how much.

We assume that the scrubber sections have higher efficiencies in the actual column,
because they occupy a larger volume of the column than the individual absorber trays. This fact,
along with the driving force issue, suggest that the reaction conversion in the bottom of the
column would be higher in the actual column. However, we lack sufficient information to

estimate the degree to which this is the case.

4.2.2.9 Filtered-Water Flow Rate to Top of Column

We expect the result of increasing the filtered-water feed rate to be an increase in NOx
absorption. Increasing water flow decreases the acid concentration and allows a greater driving
force for absorption of NOx and production of acid. This greater driving force should also

increase the rate of absorption, and thus positively affect the tray efficiency.

We vary the filtered-water flow rate to the top of the absorber in Figure 4.33 between 5
and 20 Ibmol/hr. The figure shows the NE&scaping the top of the column and the weight
percent of acid produced. Increasing the water flow rate both decreases,timte AESOUT
and dilutes the acid in WASTACID. However, the shape of the curves shows a point of
diminishing returns. At this point, nearly all the N@bsorption has occurred. Therefore no

more will be absorbed even as we add more water.

To judge if this phenomenon is representative, we present Figure 4.34. We display the
data for this figure somewhat differently than that for Figure 4.33, although the shape of the

curves should be familiar. Figure 4.35 shows the results of several simulations varying the NO
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inlet rate as well as the filtered-water flow rate. This chart is reminiscent of Figure 4.23 for the

heat loss from the column.
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Figure 4.33 shows the expected decrease in &0 increase in nitric acid effluent rates
with increasing water feed rate. The relationships are approximately linear in the beginning.
Diminishing returns set in between 20 and 25 Ibmol/hr of filtered water feed. However, after
approximately 30 lbmol/hr flow of water, the N@eaving the top of the column becomes

virtually zero.

Figure 4.34 shows the same trend as Figure 4.33, though in the more conventional axis
labels seen in the literature. The maximum NOx removal barrier clearly manifests itself in this
figure. Again, the barrier theory states that no more than 66% of the feed NOx removal can take
place. The percentage decreases as the fraction of feed that is NO increases. The 66% value for
total NOx removal corresponds to a feed of all.N@ere it removes all the N@nd converts
one-third to NO. In this figure, the feeds are 3.37 lbmol/hr of Bl 0.39 Ibmol/hr NO. The
theoretical maximum removal fraction percentage then is 0.597. Figure 4.34 agrees with this

value quite well.

Figure 4.35 shows that for any M@ put, we can achieve the desired Nautput by
adjusting the water flow rate just as we could by adjusting column-cooling duty in Figure 4.23.
Here, the engineer or the automated control system can specify the water-feed rate depending on
the flow of NG to the column.

At this point, the reader should notice the familiarity of the trends displayed in the plots
of parameters that improve NOx absorption. Initial gains level off after the process consumes a
certain percentage of the NOx (M€pecifically). The three most effective factors for improving
NOx absorption (cooling, pressure, and filtered-water flow rate) all dilute the nitric acid effluent,

reducing its recovery value.

The diminishing returns seen at low N@tes mean that NOx removal below these levels

requires greater effort by cooling, pressurizing, or inputting water, which in turn dilute the acid
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effluent beyond the point of recoverability. Therefore, it is important to determine the maximum

allowable NOx emission and target the removal to it with tight process control.

The equilibrium model does not account for the catalytic effect of nitric acid. Therefore,
the predicted effect of increasing the nitric acid present in the column is promoting consumption
of nitric acid and the production of NOWe desire to avoid this situation, because it effectively
reverses any positive gains made for,N®moval in the column. Unfortunately, we cannot
glean from the simulation results what variables maximize the catalytic effect of, ke
minimizing the reverse of reaction (4.4,5). Also, we predict that the equilibrium model
overestimates the effect of nitric acid. This is because thechi@entration in the gas and the
nitric acid concentration in the liquid, as the initial reactant and the ultimate product,
respectively, in a complex chain-reaction sequence, control the equilibrium of the system.
Increasing the concentration of nitric acid pushes the reactions back to the reactants. Because the
true process never actually reaches equilibrium, we predict the effect on the column at RFAAP to

be less dramatic.

4.2.2.10 NO Feed Rate to the Catalyst Vessel

We now switch our focus from the scrubber/absorber to the catalyst vessel for selective
catalytic reduction. Researchers developed selective catalytic reduction primarily for the
removal of NO, although it does have some limited, K&bnoval capability. However, we prefer
to remove NQ in the scrubber/absorber because that process proves quite effective for that role,
as well as the removal of N@y absorption concentrates NO in the gas stream. In this vain, the
results presented for the catalyst vessel emphasize NO removal.

We vary the amount of NO fed to the catalyst vessel keeping all other variables constant,
including ammonia flow rate. We predict that the NO escaping the catalyst vessel will increase
as we increase the NO feed. However, because the catalyst vessel is an equilibrium model, we
predict that it should not be perfectly linear nor should it be a one-to-one ratio unless all the

ammonia is consumed. Figure 4.36 shows these results.
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As expected, the NO effluent increases directly with NO feed rate. Interestingly, ASPEN
calculates that the ammonia is completely consumed for all values of NO. Apparently, the
equilibrium lies strongly to products; however, it is unlikely that a total consumption of ammonia
occurs in the actual process. The equilibrium model appears flawed for the reactions in the

catalyst vessel.
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Figure 4.36. Plot of the amount of NO exiting the SCR vs the amount of NO fed to the SCR for an ammonia flow rate oftir.5 lbmol
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4.2.2.11 Ammonia Feed Rate to the Catalyst Vessel

We predict that increased ammonia feed rate results in increased NO removal from the
catalyst vessel and increased ammonia escaping the catalyst vessel, also known as the ammonia
slip. Figure 4.37 shows the amount of NO that leaves the catalyst vessel versus the amount of

NHs fed for several different NO feed rates to the reactor.

Figure 4.37 shows no clear trend in the data for the dependence on ammonia. Essentially,
the ammonia reacts completely for every NO flow rate. From literature data for experiments on
similar reactors, we know this cannot be the case. Even for the equilibrium assumption of
infinite residence time, there should not be a complete consumption of ammonia. ASPEN

apparently experiences a mathematical limit of some kind for this calculation.
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Figure 4.37. Equilibrium model results for the amount of NO leaving the column vs. ammonia feed rate for

several different NO inlet rates.
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4.2.2.12 Steam Feed Rate to the Catalyst Vessel

RFAAP utilizes steam to safely vaporize the ammonia that is stored as a liquid in
pressurized tanks. This approach is not unusual for chemical plants requiring the feed of
vaporized ammonia to processes. However, the fact that steam is a product of the SCR reactions
does make this approach interesting in this case. As we know, feeding products to a reactor
pushes the reaction equilibrium back to reactants by increasing the rate of the reverse reaction

through mass action.

We predict from principles of chemistry that increasing the steam flow rate will decrease
the conversion of NOx. Recall that the ultimate products of the SCR reactions @mnd NO.
Nitrogen already comprises approximately 76% of the gas to the catalyst vessel. Adding more
H20O should react with this excess nitrogen on the catalyst surface yielding NO andViO

predict this outcome for the real process.

However, given the dose of reality afforded by the previous two figures for the catalyst
vessel, we predict that the model simulation results will continue the trend and will show that all

the ammonia is consumed by reaction with NO and the extra steam does not affect the results.

Figure 4.38 shows the results of the model for steam flow rate. The results surprise us in
that the model, at least qualitatively, for once agrees with the theory. Too skeptical for such a
simple result, we extend the test to higher steam rates. Figure 4.39 shows this result. The model
surprises us again, proving both predictions to be correct and wrong at the same time. We
present no explanation for this result other than an unpredictable mathematical anomaly created

by the extreme equilibria in the catalyst vessel.
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Figure 4.38. Plot of NO exiting the SCR vs. the steam flow rate fed with ammonia to the SCR.
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to vaporize the ammonia feed to the catalyst vessel.
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4.2.3 Advantages of the First Equilibrium Model

The first equilibrium model gives clear advantages over the conversion model. Ease of
use constitutes its most obvious advantage. The single reactive-distillation tower of the
equilibrium model houses all the specifications and calculations that require seven separate
blocks in the conversion model (ABSORBER, SCRUBTOP, SCRUBBOT, ABSREACT,
SCRREACT, BOTREACT, and FLASHBOT). Also, the equilibrium model eliminates the need

for all the material streams required to connect those seven blocks.

The improved results and response to sensitivity tests represent the most important
advantage of the equilibrium model. This chapter shows that the equilibrium model matches the
expected results supplied by RFAAP, but the scrubber/absorber model also matches
experimental results from literature. We now have confidence in the response the model gives to
sensitivity variables. We can draw conclusions as to how these variables affect the real process

based on how they analogously affect the simulation results.

4.2.4 Disadvantages of the First Equilibrium Model

The main problem with the treatment of all reactions in the NOx abatement system at
RFAAP as equilibrium reactions is the instability of the SCR under this method. Equilibrium so
heavily favors the products for these reactions that ASPEN cannot cope with the calculations for
the equilibrium constant. The problem is so complete with this unit that the sensitivity tests for
the system of adding excess products or reactants give completely different results than those
predicted. However, in most cases, ASPEN returned erroneous results. Clearly, the equilibrium

assumption is faulty for this unit.

The second problem with the first equilibrium model is unrealistic representation of the
column as a total of three stages. For general results regarding inputs and outputs, this problem

is indeed secondary. However, we want to know certain aspects of the system behavior on a
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stage-by-stage basis. A three-stage model can only give us an idea of this behavior. The three-
stage arrangement arises from the assumption of equilibrium for the mass transfer and the
reactions. As discussed, we feel justified in this assumption for the important reactions in this
system. However, the residence time required for the mass transfer to bring the gas and liquid
into equilibrium is extremely long. The first equilibrium model contains no answer for mass-

transfer efficiency.

4.3 The Second Equilibrium Model

4.3.1 Motivation for a Second Equilibrium Model

The first equilibrium model displeases us in its unrealistic physical representation.
Having only three stages, it is a hypothetical model of what a column with 100% mass-transfer
efficiency would have to look like to give equivalent results as those provided in the mass
balance. Ideally, we would like to simulate a real 18-stage column with an 18-stage model. A
more consistent model would allow us to analyze the stage-by-stage behavior of the column to

pinpoint any bottlenecks and other areas for optimization.

4.3.2 Vaporization Efficiencies

Unit operations involving equilibrium-staged separations, by definition, utilize well-
characterized equilibrium states for the components involved. Such models assume that each
stage is allowed to proceed completely to equilibrium. This assumption is rarely true in any case
and is especially flawed in the case of NOx absorption. Rate considerations constitute the main
drawback of this assumption. Different systems require different periods of time to reach
equilibrium. Some systems, especially those involving chemical reaction, never approach

equilibrium closely.

Somewhat counter-intuitively, systems with the largest driving force for separation and

absorption represent the most “inefficient” equilibrium operations. That is, the change they
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undergo on a stage, relative to the change they would undergo were they to reach equilibrium on
that stage, is very small. Such systems require large residence times because of the great

changes in component concentration.

Mass requires time to transfer between phases. Diffusional factors represent the
resistance to the system achieving equilibrium. Also, as absorption proceeds, proximity to
equilibrium begins to reduce the driving force for further mass transfer. Therefore, as a system
approaches equilibrium, the rate at which it proceeds further decreases rapidly. Mathematically,
we can see this concept from the fact that we define equilibrium as a state where there is no
change in any variables, X, with respect to time, dX/dt = 0. As a system approaches equilibrium,
the rate of change of process variables (concentrations, temperatures, extents of reaction, etc.)
approaches zero. Achieving total equilibrium would require a residence time of infinity and

likewise infinite-sized vessels.

Systems consisting of many different processes complicate the issue further. Depending
on the rate of progress of each process and the distance to equilibrium, different processes can
have vastly different efficiencies. For example, as stated previously, reaction (4.1) 2NO + O
2NO; remains far from equilibrium, whereas we assume that reaction (2.5); HNQO -

NOs + H30", achieves equilibrium in a very short period of time.

The special case of NOx absorption has several factors working against its efficiency, and
thus the assumption of equilibrium. First, the dependence on reaction and the stability of the
final product (nitric acid) in water set up a huge driving force. However, the rate of absorption
of NO, and NO, are agonizingly slow. Despite the fact that the reactions involving these
components in the system achieve equilibrium almost immediately, the rate-limiting factor in the
process is the absorption and diffusion of the reactants and products. The very low solubility of
NOXx species in water causes this fact. Although water can ultimately absorb large quantities of
NO; and NOa, remember that the conversion to nitric acid must consume them. The solubilities
of the components themselves are low and their partial pressures are extremely high. Therefore,

the large yx; value at the interface hinders the rate of mass transfer.

228



In modeling unit operations, an efficiency factor typically represents the degree to which
a unit operation achieves equilibrium. For the reasons given above, these factors differ for every
system and also are complex functions of the specific parameters of the processing equipment,
including packing and tray design, liquid- and vapor-flow characteristics, inerts in the system,
etc. Engineers typically use the Murphree efficiency to estimate equilibrium stage efficiencies in

tray columns.

The Murphree tray efficiency is defined ag E (Yo — Yn-))/(Yn" — Yo-1). The equation
constitutes a ratio between the change in vapor phase of compgbehtvgen the vapor feed to
a stage and the vapor leaving that stage over the change that would take place if it reaches the
equilibrium value. A Murphree of 1.0 means that it attains an equilibrium condition. A
Murphree of 0 would signify no transfer of componentoy or from, the vapor phase. Murphree
stage efficiencies are always between 0 and 1.0; however, flow and concentration gradients
across plates can result in Murphree stage efficiencies greater than 1.0. In non-reactive stage

operations, K¥, can typically replace§. That is because we define K as KeqXeq

In NOx absorption, the value of the vapor composition ot MOequilibrium with the
liquid composition of NQ depends on several factors aside from just the value of K. Because of
reaction, NQ remains in chemical equilibrium with other species in the vapor and liquid. Even
in absorption systems without chemical reaction, determination of stage efficiencies requires a
complex empirical function or extensive experimental data on the system (Peters and
Timmerhaus, 1991, pp. 661-667). Due to the highly empirical nature of stage efficiencies and
their dependence on a vast array of process and design variables, there exists no satisfactory or

reliable method for predicting NOx absorption tray efficiencies a priori.

Vaporization efficiencies represent another method for estimating the distance of a
system from equilibrium. We define the vaporization efficiency as ii/(Kx;). Again, we
define K= yefXeq Therefore, we apply vaporization efficiencies to equilibrium calculations as
follows: B/ *K = Ev *yedXeq = Y/Xi. Thus, a value of \Egreater than one gives a ratio gky
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greater than ¢fXeq This corresponds to a greater vapor fraction or lower liquid fraction of
component i than is normally present if the stage achieves equilibrium. A valydesEEhan
one gives a ratio ofifx less than gfxeq This corresponds to a lesser vapor fraction or greater

liquid fraction of component i than is normally present if this stage achieves equilibrium.

The use of vaporization efficiencies gives a couple of advantages and some
disadvantages. We can force a component to one phase or the other, depending on whether we
specify E as greater than or less than one. We can define vaporization efficiencies per stage and
per component. Selection of these parameters may depend on the overall direction of mass
transfer. For example, on stages where NO is consumed due to highddhi&@ntration, the
main direction of mass transfer proceeds from the vapor to the liquid. On stages where NO
absorption results in NO production, the overall direction of mass transfer is from the liquid to
the vapor for NO and from the vapor to liquid for NOWNe can modulate the vaporization on
each stage to reflect the resistance to phase interchange differently for each component.
However, the Murphree efficiency usually presents a more flexible method than vaporization
efficiencies. For Murphree efficiency, a single efficiency value can estimate the resistance to

transfer to and from either phase for all components.

As a result, we decide to use component vaporization efficiencies on each stage for
consistency and due to the lack of a solid theoretical basis to do otherwise. We specify the
vaporization efficiency of 2.5 for NO, NQand NO,. The mere assignment of, E 2.5 for
these species increase the number of stages required for the separation from 3 in the first
equilibrium model to 18 in the second equilibrium model. In reality, we select the value of 2.5
so that the model stages would equal the actual stages used in the tower at the RFAAP site.
Figure 4.40 illustrates the way the second equilibrium model looks in order to compare it to

previous models.
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As we showed for the first equilibrium model, the ratio of the equilibrium stages to the
actual stage, also known as the overall column efficiency, for this particular system came to be
17%. Engineers typically use 40% as a rule of thumb for absorption-column stage efficiencies.
From this, we see that NOx absorption achieves less than half of the efficiency of typical
absorption systems that do not depend on chemical reactions. The reader should realize that
although we define the vaporization efficiency as=B/(KXx;), its effects are far more reaching
than just on the vapor and liquid compositions. Recall that reaction equilibrium depends on
partial pressure in the vapor phase and concentration in the liquid phase. These values arise from
functions of y and x. Therefore, vaporization efficiencies affect vapor-liquid equilibrium

directly and affect reaction equilibrium indirectly, although profoundly.
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4.3.3 Results of the Second Equilibrium Model

The results for the second equilibrium model do not differ greatly with those for the first
equilibrium model. They do provide more information as to the physical process of stage wise
NOx absorption. Table 4.7 gives the important stream results as compared to the RFAAP data.
Figure 4.41 shows the column profile in temperature for the 18-stage simulation results. Figures
4.42 and 4.43 show the vapor and liquid component composition profiles, respectively, for the
important species.
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Table 4.7. Output flows as calculated by ASPEN compared to those supplied by RFAAP.

Stream: WASTACID WASTACID Acid From PRODUCT PRODUCT  Gas to Vent Stack
Mole Flow (Equilibrium (Conversion Scrubber (Equilibrium (Conversion (RFAAP Data)
Lbmol/hr Model) Model) (RFAAP Data) Model) Model)
NO 6.8E-06 9E-3 - 0.22 0.06 0.06
NO> 0.02 6E-3 - 0.035 9.7E-3 trace
NH3 - - - 0 0 trace
O, 4.0E-05 1.7E-6 - 132 132.1 132.06
N2 7.9E-05 1.7E-6 - 498.7 498.8 496.8
H20 13.9 21.4 13.1 23.5 15.9 23.9
HNO; - - - - - -
HNOs 2.03 2.091 2.1 - - -
Total Flow Ibmol/hr 18.0 25.6 20.8 654.4 646.8 654.8
Total Flow Ib/hr 418 556 376 18624 18487 18631
Temperature F 89 80 86 350 350 350
Pressure 20 14 60 14.9 14.4 14.1
psi
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Figure 4.41. Column profile for stage temperatures for the secorilibégm model.

235



Vapor composition on statpenol y/Ibmoltotal

0.009
&NO R
0.008 ENO?2 A A A A A A A A
A100 x HNO3 A
0.007 - @100 xN204 A
A
0.006
A
] [ | | [ | [ | [ | [ | [ |
0.005 . =" L
u
0.004 -
e © o e & & o o o o o o
0.003 ®
A ®
0.002 ¢ » L
.
e
0.001 A * o
I. ”0000000000T
O I I I I I I I I I I I I I I I I 1

=
N
w
N
a1
o

7 8 9 10 11 12 13 14 15 16 17 18

Stage number

Figure 4.42. Simulation results for vapor-component stage compositions for the scrubber/absorber for the second equilibrum
model.
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Figure 4.43. Simulation results for liquid-component stage compositions for the scrubber/absorber for the second equilibrum

model.

237



4.3.4 Sensitivity Analyses

The above discussion of stage efficiencies underscores the differences between what the
computer model tells us and what we know to be true in reality from experience and scientific
knowledge. This section presents only those sensitivity analyses that add to the understanding of

the column behavior over that of the first equilibrium model.
4.3.4.1 Column Cooling: Fume-Feed Temperature
We vary the temperature of the fumes from the nitrocellulose line prior to feeding it into
the top of the column. Figure 4.44 shows the results for this test. We cannot achieve results for
as wide a temperature range as in the first equilibrium model. However, we see that the second
equilibrium model mimics the results of the first for the temperature range tested.
4.3.4.2 Top-Stage Pressure
Just as in the case of the first equilibrium model, varying the top-stage pressure affects

the overall column pressure. In Figure 4.45, we see that the results for this test are analogous to

those for the first equilibrium model.
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Figure 4.45. Sensitivity plot of the effect of top-stage pressure on key components exiting the column.
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4.3.4.3 NQFeed Flow Rate

We present a reaction profile of the scrubber/absorber column for the second equilibrium
model. Figure 4.46 shows this reaction profile for,N@his plot is analogous to Figure 4.32 for
the first equilibrium model. However, the results appear dramatically different. The
preponderance of reaction activity is at the top and the bottom just like for the first equilibrium
model. However, the activity for the second equilibrium model occurs much more at the top of
the column. The middle contains virtually no reaction and the reaction at the bottom confines
itself to a single stage. In fact, careful inspection shows that from stage 17 to approximately
stage 12, N@is actually produced within the column. How can this happen?

First, the use of vaporization efficiencies tends to push the reaction up the column. This
probably represents an accurate picture of the true situation. NOx gases simply do not have time
to absorb immediately and therefore rise through the column. Theab&0rbs gradually up the
column, producing NO and nitric acid along the way. The NO rises and the nitric acid descends
with the water. This descending nitric acid solution comes in contact with warmer fumes on its
way down. The warmer fumes contain NO (fed initially as well as those produced on the bottom
stage). Because reaction (4.4,5) is exothermic and because nitric acid and NO concentrations are
high in the middle of the column, reaction (4.4,5) proceeds in the reverse direction, producing
NOs..
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Does this sequence of events accurately depict the behavior of the real column at
RFAAP? The answer is both yes and no. Even with vaporization efficiencies, the second
equilibrium model remains an equilibrium model. Through the use of vaporization efficiencies,
we simply shift the equilibrium farther to the gas for the components for which we specify these
values (NO, N@ N;O,). Is this an accurate approximation? We do not know this answer, but
we think it is a good assumption to make in the light of the literature and the results we obtain
from it. Mass-transfer rates depend on driving force, that is, the concentration differences for the
absorbing species. Large concentration differences suggest fast mass transfer. Therefore, the
vaporization efficiencies we specify should be less for stages where the driving force is high.
However, we do not know the degree to which they should vary and on which component
driving force affects the vaporization efficiencies the greatest. Despite these drawbacks, constant

vaporization efficiencies approximate the system quite well.
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4.3.5 Advantages of the Second Equilibrium Model

The second equilibrium model gives us a better physical interpretation of how NOXx
absorption proceeds within the scrubber/absorber column. We see the component compositions
in the vapor and liquid phases on each stage of the column and where the reaction produces and
consumes the components. We can use this information for optimization of the column for
promoting the elimination or production of certain species in sections of the column that are not
performing to the maximum effect. For example, we see in Figure 4.46 that very little reaction
occurs in the middle stages of the column. With this information, we can work with options to

improve the reaction conversions in the middle stages.

Given the information on vapor- and liquid-stage composition profiles for the column, we
can determine from which stages to take and add side streams. These side streams can likewise

be used to promote reaction within the column.

4.3.6 Disadvantages of the Second Equilibrium Model

The second equilibrium model does not rectify the problems that we encountered in the
first equilibrium model with the catalyst vessel. Therefore, this problem remains and, as stated
previously, cannot be repaired within the confines of the equilibrium-reaction assumption.
Neither has the second equilibrium model addressed the problems of nitric acid autocatalysis and
the hydrogen peroxide effect. We require a kinetic study of the catalyst vessel reactions and the
scrubber/absorber parameters for satisfactory treatment of these processes under the stated

conditions.

The only accommodation that the equilibrium model makes for the time-dependent
nature of NOx absorption is through the use of the vaporization efficiency. We assign the
vaporization efficiency semi-arbitrarily as a singular value to individual components in the

column, specifically NO, N@and NO,. The vaporization efficiencies utilized in the second
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equilibrium model result from trial and error. We keep the values the same for the different
components as well as for each stage for consistency and simplicity. Vaporization efficiency

parameters remain constant until manually changed.

Though we would prefer to use Murphree efficiency over vaporization efficiency, the
Murphree efficiency still represents an arbitrarily assigned parameter resulting from trial and
error. Clearly, the manipulation of process parameters through sensitivity analyses and
equipment retrofit trials affects only the equilibrium states of the reactions and absorption of the
various components within the ASPEN simulation. There exists no visible effect on the rate of
these processes, because the stage efficiencies are the only manifestation of this consideration,

and they remain constant.

The equilibrium assumption for the reactions involved remains valid. However, we find
the equilibrium assumption for vapor-liquid equilibrium unsatisfactory. Even the typical
engineering expedient of assignment of vaporization efficiencies to account for column rate
limitations becomes suspect for the unique NOx absorption system. We must view the results
for the simulation in the light that unfortunately, our model cannot tell us the degree to which the
parameters affect the stage efficiency. We must qualify each result arrived at from adjustment of

parameters that we know from experience should affect stage efficiency.

From experience and our knowledge of thermodynamics, we know that increased
pressure compresses the vapor and decreases the volumetric flow rate and vapor velocity through
the column. Reducing vapor velocity increases the vapor residence time. Also, increased
pressure raises component partial pressures, which in turn increases gas-phase reaction rates.
Both of these factors lead to increases stage efficiency. However, the only visible effect from
ASPEN is that of pressure on vapor-phase reaction equilibrium and component absorption. This
aspect represents a major drawback for the equilibrium approach, because the efficiency has such
a great effect on tower performance for the NOx absorption system. Therefore, for the results
presented, we must assume that the efficiency of the column does not change. We tend to doubt

the validity of this assumption.
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Another drawback of the second equilibrium model that the reader will likely never see,
and yet remains a very important aspect of computer modeling and simulation, is the increased
computational complexity and instability of the simulation. The second equilibrium model
requires greater simulation run times and converges less frequently than the first equilibrium
model. This effect gives a good lesson of why we strive for the simplest computer model that
gives accurate results. Even as simple a thing as using vaporization efficiencies to give eighteen

stages increases computational complexity immensely.

4.4 Conclusions

4.4.1 Conclusions Regarding Process Parameters

Equilibrium modeled reactions provide an immensely improved way to model the NOx
absorption process over stoichiometric conversion reactions. The equilibrium models provide us
with great insight into the problem of NOx abatement as encountered at the RFAAP site.
Primarily, they shed light on the multitude of process parameter adjustments and effects possible

in the scrubber/absorber.

Mass transfer always increases with the number of stages. The amount of increase can
vary considerably however. We have seen that there remains much room for improvement if the
column can easily accept new stages or if a second column is not out of the question. For current
conditions, diminishing returns quickly set in after the 20 to 25 total stages. However, for any
greater NOx flow to the system, more stages will definitely be required to achieve results

comparable to those observed currently.

As hypothesized, pressure and temperature strongly affect the performance of the
scrubber/absorber. Increasing pressure and decreasing temperature, by any means available,
reward the engineer with improved NOx absorption efficiency. This chapter addresses many

different means of cooling the process. However, we make no mention of the practicality of any
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of these methods, only the magnitude of effects associated with each. The chapter on retrofit
options for the hybrid equilibrium/kinetic model addresses the issue of practicality and economic

returns.

Cooling the filtered water shows very little effect. However, direct cooling of the column
by a cooling jacket or special cooling stages, as well as cooling the fume feed gives very
optimistic results for improved performance. Few such options exist for the pressurization of the
column aside from purchasing blowers. Again, this chapter draws no conclusion as to the

practicality of this approach.

Clearly, we should make a goal of feeding NOx to the column as concentrated as
possible. Increasing the partial pressure of NOx species increases the total absorption, the
percent absorbed, and the maximum possible nitric acid concentration in the fluid effluent.
However, the practicality of demanding upstream sites to deliver their “waste” in an
“uncontaminated” form gives us little encouragement. Still, it remains a goal for existing and

NOx abatement processes in the design phase.

NOXx removal increases considerably with an increase of filtered water fed to the top of
the column. However, the nitric acid effluent becomes considerably diluted and quickly loses all
recovery value. The ideal situation requires control of the water feed rate dependent upon the
inlet NOx rate. The equilibrium model gives preliminary results for a control scheme of this
kind.

The equilibrium model exposes the disappointing fact that most of the efforts to increase
NOx removal also result in the dilution of the Nitric acid effluent. Increasing the filtered-water
flow rate dilutes the acid for obvious reasons. Temperature and pressure affect the acid
concentration by increasing the condensation of water into the liquid effluent stream under the

conditions that likewise improve NOx removal.
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4.4.2 ltemized Conclusions

1. For the conditions observed at RFAAP, NO oxidation proceeds at a negligible rate.
Less than 10% of the NO fed to the column oxidizes within the column itself. However, one can
make substantial improvements in the conversion by reducing temperature, increasing pressure,

and increasing NO patrtial pressure.

2. The first and second equilibrium model results for the scrubber/absorber agree well
with experimental results for a similar process (Thomas and Vanderschuren, 1996;
Cheremisinoff and Young, 1977).

3. Cooling the fume feed presents a viable strategy for column cooling.

4. Cooling the fume feed from 9& to 50°F eliminates virtually all the NOfrom the
fumes. Nitric acid converts to N@ a one-to-one molar ratio to the Nl@nsumed.

5. Cooling the filtered water stream does improve; Nénoval but not significantly

compared to other options.

6. Increasing column top-stage pressure from 15 psia to 30 psia increasesrdéal

efficiency from 92.0% to 97.6% and increases nitric acid produatoaordingly.

7. Increasing the filtered-water flow rate from 21 Ibmol/hr to 30 Ibmol/hr virtually

eliminates all the N&from the fumes stream.

8. Column cooling, increasing column pressure, and increasing the filtered water feed all

aid in NOx elimination but also dilute nitric acid effluent, reducing its recovery value.
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9. The reactions that eliminate B@nd produce nitric acid primarily occur in the top
and bottom of the column. However, some disagreement persists between the first and second

equilibrium models as to whether the predominant section is the top or the bottom.

10. The equilibrium model gives unstable results for the catalyst vessel.

4.5 Recommendations

1. We need a solution for the problems with the catalyst vessel. We recommend the

research of a kinetic model for the reactions in this unit.

2. Care must be taken when viewing the results of the scrubber/absorber simulations in
the light of the equilibrium assumptions used in the model. Recall that there is no provision
given for the dependence of rates or stage efficiencies within the model itself. Keep in mind,
therefore, that results give the maximum attainable NOx removal, whereas slow mass-transfer

rates and column inefficiencies may hinder the response in an actual column.

3. The model does not take into account the widely theorized effect of nitric acid.
Researchers claim that up to 30% of nitric acid by weight in the scrubbing liquid improves
oxidation and absorption of NO. Higher pressures and lower temperatures may raise this mark.

Proving this hypothesis requires experimental work in a laboratory or in the field.

4. Experimental literature states that adding hydrogen peroxid®, té the scrubbing
solution improves NOXx absorption by reducing the reversibility of reaction (4.4,5) thereby
enhancing the catalytic effect of nitric acid. NOx absorption trials with hydrogen peroxide may
prove beneficial in the actual process. Kinetic factors must be added to the simulation to show

the effects of hydrogen peroxide and nitric acid catalysis.
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4.6 Nomenclature

btu/hr
dx/dt
Em
Ev

Kk

K1
Keg
Ki

Xi

Xeq

Yi

Yeq

rate of energy flow

rate of change of the variable x with respect to time
Murphree efficiency

vaporization efficiency

equilibrium constant

equilibrium constant for reaction 1

equilibrium constant for chemical reaction

K value for the ith component,; K yi/x;

liquid composition of the ith component

liquid composition of the ith component at equilibrium
vapor composition of the ith component

vapor composition of the ith component at equilibrium
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